The two main tasks of a smart TV GUI are menu navigation and free pointing. Traditional remotes with directional keys are appropriate for menu navigation but not for free pointing. More recent remotes with a two-dimensional (2D) pointing device are appropriate for free pointing but not for menu navigation. To support both types of tasks well, we devised a new input device called TouchRoller. We expect that it can support both types of tasks well because it has a separable control structure and a continuous input property. A comparative user study showed that the performance of TouchRoller is comparable to that of directional keys for menu navigation and 2D pointing devices for free pointing. In addition, it was most favored by the participants, and NASA TLX test results showed that TouchRoller demands the lowest task load.
INTRODUCTION
Since the introduction of smart TVs, a TV is no longer a one-way terminal for watching broadcast content but is now an interactive interface for diverse multimedia sources, such as broadcasting stations, video-on-demand services, and the Web. Due to this increased interactivity, a smart TV requires a more ecient input device than a traditional TV remote that primarily consists of dedicated buttons for dierent TV functions. In particular, a traditional remote with directional keys is not suitable for controlling a smart TV GUI that requires free pointing.
Therefore, many new remote controls are currently being introduced to the market. Some examples include a remote control equipped with a gyro-sensor (MacKenzie and Jusoh, 2001 ), a touchpad (Enns and MacKenzie, 1998) , and a vision-based gesture interface (Freeman and Weissman, 1995) . One of the concerns about the new remote controls is that, although they are better than directional keys for a pointing task, they are not as fast and accurate as directional keys in a menu navigation task.
In other words, existing remotes are suitable only for one of the two main tasks of a smart TV GUI: menu navigation and free pointing. This issue is worth noting because the main components of a smart TV GUI are menu interfaces that show various types of content.
In order to devise an input device that can handle both menu navigation and free pointing, we considered the compatibility between the characteristics of a GUI task and the characteristics of an input device. First, we noted that they should be compatible with respect to the integrality and separability aspects of the input dimensions (Jacob et al., 1994) . The menu navigation task of a smart TV usually has a separable perceptual structure while a free pointing task such as Web browsing has an integral perceptual structure. It is expected that directional keys such as a d-pad and arrow keys that have a separable control structure may be better for menu navigation, whereas two-dimensional (2D) pointing
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In menu navigation, the highlight moves icon by icon in a discrete manner, while the cursor in free pointing moves continuously to select a target at an arbitrary position.
With respect to continuity, it is expected that directional keys are appropriate for menu navigation, whereas a 2D pointing device is better for free pointing.
The question that arose at this point was whether there could be an input device that had a separable control structure similar to directional keys but continuous input dimensions similar to a pointing device. Furthermore, if such a device existed, whether it could be as good as directional keys for menu navigation and pointing devices for free pointing. Regarding the rst question, we introduce TouchRoller, a new input device for smart TV remote control that has such properties. Given an answer to the rst question, we investigated whether the TouchRoller could be as good as directional keys for menu navigation and as good as a pointing device for free pointing. To answer this question, we conducted a user study to compare the performance of TouchRoller with directional keys and a pointing device for menu navigation and free pointing tasks, respectively.
In Section 2, we review the background work to the current research, including the usability issues of interactive TVs and their remote control options. In Sections 3, 4, and 5, we introduce the TouchRoller concept and the implementation details of the TouchRoller prototype. In Section 6, we present the user experiment design and results that verify the properties of the TouchRoller set forth above. In Sections 7 and 8, we discuss a few issues that need further study and conclude with a summary of the current study's contributions.
BACKGROUND

Characteristics of interactive TV
As TV transformed from a passive display of broadcast content to an interactive platform for on-demand content, researchers started to study the characteristics of interactive TV environments and presented guidelines for designing user interfaces for interactive TV. Ju et al. (1994) present a list of special characteristics for an interactive TV environment that they consider should motivate the design of a TV pointing device. For instance, users are commonly at some distance from the 1 By a 2D pointing device, we refer to a 2D pointing device with an integral control structure such as a mouse, touchpad, trackball, or an isometric joystick. In this paper, we refer to them simply as pointing devices. display and may not have an accessible working surface for using a mouse. Moreover, the room may be dark and most TV screens cannot display small text and images well. Finally, there may be children, pets, food, noise, or multiple users in the room. Thus, Ju et al. present a list of guidelines for TV pointing devices. For example, they claim that it is necessary for the pointing device to move the cursor smoothly across the screen, and they recommend that remote controls be operable with one hand. Lekakos et al. (2001) argue that there are several challenges to designing interactive TV applications owing to the dierences between the interactive TV medium and traditional information systems, in terms of input and output devices, the viewing environment, and so on.
For example, they point out that users should be able to perform all tasks for interactive TV using a single remote controller, including controlling video, entering personal codes, and moving the pointer and cursor. In particular, they point out the need for an alternative text-entry method to replace the need for a physical keyboard. Lu (2005) suggests principles for designing an interactive TV-application interface. Lu shows that the design of such a user interface should make it easy to navigate a large amount of content because interactive TV provides many services with various content. In particular, Lu recommends a grid layout because of its repeatability and the ease with which users may be guided to important elements. In fact, a grid layout is a common feature in recent smart-TV products. Bernhaupt et al. (2007) investigated usability issues related to interactive TV by performing user tests in a simulated domestic living room. One of the recommendations based on their observations is that only the directional keys and the OK key of a remote should be used for navigation within the information space.
They also address learnability issues, such as learning the colored keys of a remote, and suggest the need for supporting a learning process. They also point out the diculty involved in entering text with a remote and suggest the need to adopt a method familiar to users, such as the multi-tap input method.
These studies, along with current trends in smart-TV products on the market, attest to the fact that TV now requires a rich user interface for diverse interactive TV tasks, and that such a user interface now requires a remote-input option beyond a traditional remote controller that is designed keeping the characteristics of interactive TV in mind.
Interacting with Computers, 2014 In order to cope with the increasing complexity of the TV user interface, remote controllers have been manufactured with an embedded pointing device, such as a touchpad or a gyro-mouse. One of the most common types, both in the literature and on the market, is a remote control with a touchpad. One of the earliest studies on the touchpad remote was conducted by Enns and MacKenzie (1998) . They performed a preliminary study to examine the feasibility of using a touchpad for remotely controlling a TV. One of the earliest examples of such a device in the industry was Panasonic's EZ Touch Remote (Panasonic, 2008 ) the rst touchpad-based remote that attempted to use an absolute mapping from a touchpad to the TV screen. More recently, Choi et al. (2011) introduced a remote with a hover-tracking touchpad to address the problem of divided visual attention between the TV screen and the remote. Beyond pointing, Aoki et al. (2011) proposed a set of thumb gestures to expand the number of possible commands that can be issued from a TV remote with a touchpad. Many smart-TV products currently available on the market manufactured by companies such as Samsung, Sony, and Panasonic include a touchpad remote.
Another popular option is a remote with air-mouse capabilities. MacKenzie and Jusoh (2001) were among the rst to research the feasibility of such a device. They compared dierent remote pointing devices for interactive TV, including an air mouse and a thumb-controlled isometric joystick. Their experiment showed that the air mouse was faster, though less accurate, than the isometric joystick. Sohn and Lee (2004) it is absolute or relative), the control-display gains, and the cursor-stabilization method. The eect of such design parameters on the performance of an air mouse in a TV environment is still a subject for further investigation.
In addition to the pointing performance, the design of possible gestures for an air-mouse has been a popular research subject. One early study by Kela et al. (2006) Robertson et al. (1996) The system then provides a dierent visual user interface on the viewer's handheld device. Their prototype is an example of technology that benets from the advanced functionality of a smart device in this case, context awareness.
According to a study by Fleury et al. (2012) , the use of a secondary device leads to a division in the visual attention of the user between the TV content and the secondary device. When using the secondary device, a user can follow the TV content by listening to it. However, the user cannot follow TV content that require a higher level of engagement whilst using the secondary device.
A related study was conducted by Rashid et al. (2012) .
They compared the following three combinations of a large display and a mobile device: 1) a mobile device is used as a touchpad to control a large display, 2) both a large display and a mobile device are used for output, and 3) only a mobile device is used. Their results showed that case 2, where visual content is distributed across devices, is the inferior option.
A brief review of the three options for remote control has thus far revealed that each option has its strengths and weaknesses. A remote with a pointing device has enjoyed a long history and is currently the most popular
option. Yet, it is criticized for requiring a separate and dedicated device. The freehand gesture interface is actively researched, both in academia and in the industry, and is expected to evolve rapidly into a viable option. However, the technology is not yet suciently mature to be accepted as a practical option on the market (Trusted Reviews, 2013). In addition, the freehand gesture interface in a TV-viewing context still suers from unresolved issues, such as the fatigue problem and problems related to social acceptance. Using a second screen is quickly becoming a practical option, owing to the spread of smartphones. In fact, almost every smart-TV manufacturer is currently providing smartphone applications for this purpose. However, its adoption by consumers is slow, possibly because of the clash between the personal attributes of a smartphone and the shared experience of the TV-viewing environment.
It is still too early to predict which of the three options will dominate in the future. It seems that we are in a phase of parallel exploration of multiple possibilities.
Of the three options, the TouchRoller is an example of the rst: a TV remote with a pointing device. However, the TouchRoller is distinct from other examples in this category, such as the touchpad remote and the air mouse, because of its separable control structure and continuous input property, which will make it unique as an input device that is suitable for both 2D pointing and menuselection tasks.
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In addition, its form factor and usage are clearly distinct from that of TouchRoller.
Integrality and separability
The perceptual structure and the control structure inuence the performance of a device (Jacob et al., 1994) .
The perceptual structure is either separable or integral, depending on the users' perception of the attributes that are controlled in the task. An integral perceptual structure is found where there is a relation between attributes that are perceived as connected. For example, according to the previous study, the lightness and saturation of an object's color are perceived as changing together, having an integral perceptual structure. On the other hand, attributes with a separable perceptual structure are perceived by users to change independently. For example, the shape and color of an object are attributes with a separable perceptual structure (Handel and Imai, 1972) .
The control structure refers to the way a device is controlled. When a device has more than one degree of freedom (DOF), the control structure is separable when each dimension is controlled independently. An example of a device with the separable control structure is a dpad, which includes a separate key for each direction. On the other hand, the control structure is said to be integral when a device allows the user to control more than one dimension at the same time. A touchpad is an example of a device with an integral control structure. Users can move the pointer on a touchpad in a horizontal, vertical, or diagonal direction with a touchpad, changing the x and y coordinates at the same time. According to a previous study (Jacob et al., 1994) , better performance is assured when there is agreement between the control structure and the perceptual structure.
There are devices and input methods that are designed based on the perceptual and control structures.
Multitouch gestures were designed to have a control structure suitable to 3D manipulation tasks (Martinet et al., 2012) . Another study shows that the control structure has an eect on the performance of navigation tasks in a 3D virtual environment (Casiez and Chaillou, 2005) . Based on the design theory and the examples cited, Figure 1 . Properties of the devices and GUI tasks.
TouchRoller is designed to have a control structure suited for manipulating the content of interactive TV.
TOUCHROLLER
Directional keys are eective for a menu navigation task, but are not suitable for a pointing task. On the other hand, a pointing device is eective for a free pointing task, but does not perform very well during a menu navigation task. We conjectured that their performance dierences with respect to the two GUI tasks are caused by dierences in their control structures and input continuity properties. Figure 1 shows an input device space dened by two dimensions: control structure and input continuity. In this space, directional keys belong to the separable-discrete quadrant while a pointing device belongs to the integral-continuous quadrant. In the same space, we may map dierent GUI tasks, considering their perceptual structures and input continuity properties.
A menu navigation task has a separable perceptual structure; hence, the red dashed rectangle in the device space. On the other hand, a free pointing task requires a cursor to be moved to an arbitrary point on the screen;
hence the blue dashed rectangle in the device space.
The resulting diagram is one model that explains the performance dierences of the two devices for the two GUI tasks. We chose the ADNB3532 (Avago) because of its small and thin form. The prototype uses its default resolution of 500 cpi (counts per inch). As the roller surface moves as the thumb moves vertically, this resolution corresponds to the resolution of the prototype's vertical movement sensing ability. By the way the roller in this prototype is not spinable. The roller, made of brass, has enough inertia to be spin-able, but its spin-ability seemed to cause more stability problems than eciency benets. Therefore, we added some amount of intentional friction to the roller mechanism to make the roller not spin-able in the current prototype.
To detect the horizontal position of the thumb on larger than a certain threshold, a dx-event is generated.
Displacement dx is scaled dynamically to calculate dX using an acceleration algorithm that is further described in the Appendix.
The mouse sensor outputs integer values proportional to the vertical thumb displacement dy on the roller since the last output. The signal processing module generates a dy-event whenever dy is not zero. The displacement dy is scaled dynamically to calculate dY with an acceleration algorithm that is also described in the Appendix.
Redesign iterations
Before we arrived at the nal design, we went through several redesign iterations, during which several dierent designs of TouchRoller were implemented and evaluated.
We summarize here a few major changes that were implemented during these iterations.
The rst TouchRoller prototype had a 25 mm roller length that was shorter than the nal design. The short length of roller led to a high Control-Display (CD) gain in order to reduce clutching when a user needed to move the cursor from the left to the right end, and vice versa.
However, the high CD gain also triggered overshooting and reduced performance. Therefore, a longer roller and lower CD gain were used in the nal prototype.
The rst prototype also used a dierent target selection method. A force sensor was placed under the roller to Therefore, the next prototype was given an inverted triangular shape. It has a narrow handle part and wide area around the roller to allow the angle between the roller and the thumb to be perpendicular when the user holds the prototype. Figure 3 shows the nal design of the TouchRoller prototype.
SMART TV GUI
To evaluate the performance of TouchRoller as a TV remote control, we developed prototype GUIs to represent the ones used in smart TVs. The GUIs provided in smart TV can be divided into two categories: menus and pointing interfaces. Menu interfaces can be classied further into three interfaces based on the arrangement of the contents: horizontal menu, vertical menu, and grid interfaces. Figure 5 shows examples of the three menu interfaces as well as a pointing interface commonly used by smart TVs. Figure 6 shows the four prototype interfaces grid, and Web browser interfaces) corresponding to the four examples in Figure 5 . The screen resolution of the three menu interfaces was 1920 × 1080 pixels and that of the Web browser was 1280 × 720 pixels. In the user study described in Section 6, participants selected a target in the menu from a multi-level target index. For instance, when they were instructed to select target 4-2-17, they selected the fourth category in the main menu, the second category in the sub-menu, and nally the seventeenth item in the sub-sub-menu. The menu items were labeled with multi-level target indices as shown in Figure 6 . When TouchRoller or a pointing device was used, the task completion time was measured from when a cursor started to move to when the target was selected. When directional keys were used, the task completion time was the time between the rst push of a key to target selection. In the user study, participants moved the highlighted cell that was initially in the center to a randomly determined target cell. The method to measure task completion time was same as that of the menu interfaces.
Horizontal and vertical menu interfaces
Grid interface
Web browser interface
For all devices, there is a cursor on the screen and users control the cursor to select a target. The method to control the cursor by pointing devices is the same as for the horizontal menu, vertical menu, and grid interfaces. Users
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The Web browser interface shows a Web page with a target link. A target is surrounded by a rectangle and an arrow is used to identify it, as shown in the Figure 6(d) . In the user study described below, the Web browser showed Wikipedia pages and a participant selected a target link such as a picture or a word at an arbitrary position. The smallest target link was 42 × 17 pixels and the largest was 220 × 311 pixels.
USER STUDY
The goal of the user study was to experimentally verify the following two hypotheses:
• TouchRoller performs better than a pointing device for menu navigation tasks.
• TouchRoller performs better than directional keys for free pointing tasks.
To this end, a controlled experiment was conducted with three device conditions (including TouchRoller) and four types of GUI conditions (using the four prototype interfaces described in the previous section).
Devices
We had to choose a representative device for 2D
pointing devices with an integral control structure and a continuous input property. Possible candidates were a mouse, touchpad, trackball, gyro-mouse, or an isometric joystick. A mouse was excluded because it is not suitable for a TV environment, and an isometric joystick was excluded because it was shown to be inferior to a gyromouse in an earlier study (MacKenzie and Jusoh, 2001 ).
Further, a gyro-mouse was excluded because it is known to have problems such as fatigue, jittering, and response delay introduced by cursor stabilization, similarly to other laser-pointer style direct-pointing devices (Myers et al., 2002; Olsen and Nielsen, 2001) . Between the remaining two choices, we selected a touchpad in preference to a trackball because more touchpad products are commercially available from major TV makers (e.g., Panasonic, Sony, and Samsung). In fact, remotes with touchpads have existed for a while (Enns and MacKenzie, 1998) . Figure 7 (a) shows the prototype touchpad that we built for the current user study. The size of the prototype touchpad device is 147 × 50 × 22 mm. It has a touchpad with a touch area of 49 × 65 mm and a mouse button under the touchpad for target selection. The touchpad sends data to a PC via a serial port. A total of 12 university students (6 males and 6 females, average age: 24.7 years) were recruited for this experiment.
All students had more than one year of prior experience with a smartphone, which implies that the participants had sucient prior experience using touch interfaces with their thumbs.
Tasks
The horizontal menu, vertical menu, grid, and Web browser interfaces described in the previous sections correspond to the four GUI conditions. Participants were asked to select a target in each trial while using one of the four GUI conditions. The interfaces initially showed a pop-up dialog, and the trial started when the pop-up was dismissed. The trial time was measured from trial start to the moment when a target was nally selected. In the Web browser, the pop-up disappeared after the Web page was completely loaded and the trial time was measured from the moment when the cursor started to move.
Procedure
The experiment was conducted in a controlled room that imitated television-watching environments using PCs and 
where N is the number of all trials in a session (360 in this experiment), n is the number of failed trials, and T s and T f are the total task completion times of all succeeded and failed trials, respectively. Imposing a penalty in this manner does not reect the additional time needed to recover from an erroneous result caused by an error in a real-world TV-watching situation, and therefore is a minimum penalty. Table 1 pointing tasks, but do not perform well in menu navigation tasks.
• The control structure of TouchRoller is largely Sections that have slope angles relative to the positive x-axis within the range of (−10, 10), (80, 100), (170, 190) , and (260, 280) degrees are considered horizontal or vertical movements. They are included in horizontal or vertical movement distances. Table 2 shows the rate that a pointer moved horizontally or vertically when the participants used the three devices. When the participants used TouchRoller, the pointer moved horizontally or vertically about 90% of the total distance moved in a trial. In contrast, the rate was only about 30% when the touchpad was used.
Ergonomic advantages of TouchRoller
The results of the NASA TLX survey show that the participants experienced a lower task workload with the TouchRoller for every GUI condition compared Figure 10 . Trajectories of a pointer that participants moved with TouchRoller to select a target in each quadrant of the Web browser. were recruited. The same d-pad prototype hardware that was used in the main study was used again in both cases.
Participants were asked to select a target in a grid layout 30 times in each case. The result showed that the d-pad in the CIR case was signicantly slower than in the serial case (p < .001).
The result of the user study described in Figure 8 shows that the d-pad used in that study is similar to the Hence, a separable touchpad may be worth further exploration in the future.
CONCLUSION
We proposed TouchRoller as an input device with both a separable control structure and continuous input property.
We veried that TouchRoller performs well in both menu selection and free pointing by comparing its performance to directional keys and pointing devices. In particular, we showed that TouchRoller outperforms a touchpad in a menu selection task, and outperforms a d-pad in a pointing task. The result supports our initial expectation that an input device with a separable control structure and continuous input will support two major types of user interfaces in smart TVs. Before the main experiments, we conducted a preliminary experiment to determine an optimal CD gain for the touchpad prototype.
We recruited ve university students ( Experimental results for the touchpad are shown in Figure 11 (a). The average task completion times tended to decrease as the CD gain decreased. However, when the CD gain was higher than 18 pixels/mm, the task completion times for dierent CD gain values were similar.
On the other hand, the average number of errors increased rapidly when the CD gain value was increased from 18 to 24 and 30 pixels/mm. Based on these two curves, we decided to set the CD gain for the touchpad prototype to 18 pixels/mm. Figure 11 . Average task completion times and the number of errors for dierent CD gains for (a) touchpad and (b) TouchRoller.
CD gain of the TouchRoller prototype
We repeated the experiment described above to determine an optimal CD gain for the TouchRoller prototype.
Another group of ve participants (5 males, average age:
21.4) were recruited. The same experimental tasks and procedure were used. The device was the rst TouchRoller prototype described in Section 4.3. This prototype used a rotary encoder with discrete steps (24 detents per revolution), and hence, the vertical movement was not continuous. Therefore, the CD gain in this case was only for horizontal movement.
The ve pre-determined CD gain values and corresponding experimental results are shown in Figure 11 (b).
The average task completion times (average among participants and tasks) for dierent CD gain values were similar.
On the other hand, the number of errors increased rapidly as the CD gain increased. Based on these two curves, we decided to set the CD gain for TouchRoller to 40 pixels/mm.
We did not repeat the same experiment for the second TouchRoller prototype. Although the second prototype has a longer roller than the rst, the CD gain determined for the rst prototype was equally reasonable and therefore retained. In the second prototype, however, we also needed another CD gain for the vertical movement, since the roller rotation was now continuous. The vertical CD gain was later determined to be 8 pixels/mm, based on the result of a test carried out by the authors of this paper.
Cursor speed for the d-pad prototype
The d-pad is intended mainly for discrete action, however, it was also used to control cursor movement in the main experiments. When a user held down a direction key for a period of time, the cursor started to move continuously.
The optimal cursor speed was determined to be 600 pixels/s, based on a previous study that used a d-pad in the same manner (Ishiyama and Yano, 2000) . In fact, the cursor speed increased as the user continued to press a 
Pointer acceleration curves
Most pointing devices such as a mouse or touchpad use pointer acceleration to improve their pointing performance (Casiez et al., 2008) . As users will be already accustomed to a touchpad with pointer acceleration, we thought it would be fair to implement pointing acceleration for the touchpad and all other devices as well.
The method for determining the curve of pointer acceleration varied according to device and operating system. In our implementation, we determined the curves for the three devices in the following way. First, we implemented a logarithmic function, as used for a mouse in Microsoft Windows (Casiez et al., 2008) . We then allowed the curves to pass the optimum CD gain values when the device speed was 50 mm/s, a typical device speed.
The optimum CD gain values are the experimentally determined gains from the previous sections. In the case of the d-pad, a curve was determined such that the cursor speed reached an optimal value, 600 pixels/s, when a user held down a button for around 200 ms. Figure 12 shows the resulting acceleration curves of the three devices.
